The phosphorus-limited growth kinetics of the chlorophyte Scenedesmus quadricauda and the cyanophyte Synechococcus Nageli were studied by using batch and continuous culturing techniques. The steady-state phosphate transport capability and the phosphorus storage capacity is higher in S. Nageli than in S. quadricauda. Synechococcus Nageli can also deplete phosphate to much lower levels than can S. quadricauda. These results, along with their morphological characteristics, were used to construct partial physiological profiles for each organism. The profiles indicate that this unicellular cyanophyte (cyanobacterium) is better suited for growth in phosphorus-limited oligotrophic niches than is this chlorophyte (green alga).
Phytoplankton biomass in aquatic systems may be limited at any moment by environmental factors such as temperature, light, and growth inhibitors (32) ; however, the single factor that most often controls phytoplankton biomass and community structure is the availability of essential nutrients (42) . Empirical models relating microbial growth to either external (29) or internal (15) limiting nutrient concentration have traditionally been used to describe interactions between phytoplankton communities and essential nutrients. These and other models (11, 19) describing phytoplankton growth are founded primarily in steady-state saturation kinetic theory. Fitting data in these models has enhanced our understanding of the phytoplankton community-limiting nutrient relationship.
Many aquatic systems, however, are subject to periodic nutrient perturbations in the levels of essential nutrients. Phytoplankton responses to nutrient perturbations cannot be completely described with steady-state growth models (5) . In these systems, phytoplankton growth can best be related to both fluctuating (transient) and steady-state levels of essential growth-limiting nutrients. For this reason it is important to describe an organism's response to both steadystate and transient nutrient levels. A recent model (7) has attempted to describe both steadystate and transient growth from data obtained by periodically perturbing steady-state continuous cultures with essential growth-limiting nutrients.
In this study, we have used batch culture experiments to characterize the response of a chlorophyte (Scenedesmus quadricauda) and a cyanophyte (Synechococcus Nageli) to phosphorus (P) perturbations in nutrient-poor aquatic systems, and we have used P-limited continuous cultures to characterize each organism's response to steady-state P-limited conditions. With these data, we have constructed partial physiological profiles for each organism from which we can predict the environmental conditions most favorable for growth.
We chose to work with P as the growth-limiting nutrient since it often limits phytoplankton biomass in many aquatic systems (23, 41) and because radiotracer techniques allow measurements of the low P concentrations that control phytoplankton growth (40 Media. For batch culture growth experiments, fullstrength, phosphate-free PAAP medium was used. After autoclaving, sterile K2HPO4 was added to the medium to make it either P (1 ,IM P)-or nitrogen (20 ,uM P)-limited. Sterile carrier-free [3"P]orthophosphate (32Pi) was also added to the medium after autoclaving.
For the dilute biomass (0.5 to 15 mg cell liter-') growth experiments utilizing continuous culturing techniques, a modified PAAP medium was used. The medium was prepared by adding 20% strength phos-GROWTH KINETICS OF PHYTOPLANKTON 1003 phate-free PAAP medium to a 20-liter preconditioned (6) glass carboy containing 0.6 g of tris(hydroxymethyl)aminomethane buffer per liter dissolved in 6.5 ml of concentrated hydrochloric acid. Before autoclaving, K2HPO4 was added to bring the P concentration to 964 nM P. After autoclaving, the medium was allowed to cool, and a sterile solution of NaHCO3 was added to yield a final concentration of 0.1 gliter-'. Sterile deionized water was then used to replace any water evaporated during autoclaving. Finally, 1 to 5 mCi of sterile carrier-free 'Pi was added to the medium reservoir.
Culture methods. For the batch culture experiments, exponential-phase organisms were inoculated into preconditioned 500-ml Erlenmeyer flasks containing either P-or nitrogen-limited media. The cells were then grown at 25°C under constant illumination of approximately 1.0 x 1016 quanta s-' . cm-2 provided by cool white fluorescent lighting.
The continuous culture apparatus used for the dilute biomass experiments consisted of the usual onephase system used in this laboratory (9) . All continuous culture experiments were conducted at 25°C under a constant illumination of 2.4 x 1016 quantas-1 cm-2 (as measured inside the culture vessel containing a typical dilute biomass concentration) provided by cool white fluorescent lighting. The culture vessel was a 500-ml preconditioned, round-bottom, rubber-stoppered glass boiling flask. Batch culture exponentialphase cells (5 to 10 ml; -2 x 106 cellsml-1) were inoculated to 100 ml of fresh medium, after which a peristaltic pump was started, and the vessel was filled to begin continuous flow cultivation.
All experiments were performed using axenic cultures. All cultures were periodically checked for bacterial contamination by phase and epifluorescent microscopic examination and plating onto nutrient agar.
Sampling. To sample the batch cultures, 5 to 10 ml was aseptically removed. Immediately after removal, a portion of the sample was filtered through a 0.22-,um membrane filter to effect rapid separation of the cells from the medium. Both the filtered and nonfiltered samples were then retained for immediate biomass and phosphorus analyses.
Due to the large size variation among the organisms studied, different sampling techniques had to be employed to effect rapid separation of the cells from the medium in the continuous culture experiments. For Synechococcus Nageli and S. obliquus, the sampling procedure was identical to that used by Brown and Button (4) , except that 0.22-am membrane filters and 100-mm mercury vacuum were used to separate cells from the medium. S. quadricauda was sampled by clamping off the continuous culture effluent line and quickly removing 15 to 20 ml of culture medium with a sterile syringe. Immediately after removal, 10 ml of the sample was filtered through a membrane filter (25-mm diameter, 0.22-,um pore size); 8 Madison, 1975; 28) . These authors conclude that leakage of nutrients from laboratory cultures and natural assemblages is not significant under normal (100-mm mercury vacuum) filtering conditions. However, both authors showed that the amount of fluid retained by filter papers will cause significant errors if small volumes are filtered. The amount of water retained in a 25-mm-diameter membrane filter ranges between 40 and 60 mg, which is between 0.40 and 0.60% of a 10-ml sample (E. J. Brown, Ph.D. thesis; 28). Since the maximum amount of P in solution for all of the experiments reported here was less than 15% of the total, the maximum error caused by water retention within filters would give an underestimate of solution P amounting to between 0.060 and 0.090% (about 0.5 nM P at the highest dilution rates).
Biomass analysis. Approximately 10 ml of a culture was needed for biomass analyses. Cell number and median cell volume were determined with an electronic particle counter and sizer. These data were then converted to dry weight by applying conversion and solution radioactivity (Po1) were determined by adding 1 ml of the culture and filtrate, respectively, to a Triton X-100-toluene scintillation cocktail and counting the sample with a liquid scintillation counter.
Since the radiophosphate (32P,) added was carrier free, the percent 3P in any fraction reflected the percent 31p in that fraction (26) . Cell P (Pcel) was determined as the difference of Pt -P.,, since Pt = Pceii + Pso.
For continuous culture experiments P.,,, was further separated into molybdate-reactive and -nonreactive fractions by treating 2.0 ml of the 0.22-/um filtrate with Figure 1 shows the relationship between Q and time after inoculation for both nitrogen-limited and phosphorus-limited batch cultures of Synechococcus Nageli. Batch cultures of S. quadricauda over time exhibited a similar relationship.
Continuous culture. All continuous culture data were collected at P concentrations that were not growth rate saturating (i.e., all data fall in the first-order region; 13) , since these levels of P typically regulate biomass in P-limited natural systems.
The relationships between external molybdate reactive phosphorus concentrations and dilution rates are given in Fig. 2 for Synechococcus Nageli and S. quadricauda. External Pi concentrations of 4.3 nM P (by interpolation) for Synechococcus Nageli and 138 nM P (by extrapolation) for S. quadricauda occurred at half the apparent,g.. of each species. Since saturation is not apparent for either species, the Pi versus ,u relationships (Fig. 2) were assumed to be linear (8) and were analyzed by the least squares method described by Draper and Smith (14) . The resulting equations (Fig. 2, legend) describe the effect that changing dilution rates have on the very low concentrations of Pi remaining in solution. For S. quadricauda (Fig. 2b) , stable populations could not be maintained at low dilution rates. This may occur due to formation of a different cell type under extreme starvation conditions. We did observe unusual morphological types at low dilution rates, but resting bodies have not been reported for this species (3). Because we could not maintain steady states at low dilution rates, we could not investigate the apparent discrepancy of the positive growth rate intercept in Fig. 2b . Similar results ("hookback") have been reported for various phytoplankton (16, 22, 34) .
Growth rate has also been related to Q when the external concentration of the growth-rate- limiting nutrient cannot be measu 35). The relationships between Q rate and between cell yield (Y) and for Synechococcus Nageli and S. q are given in Fig. 3 . Cell yield, whic mass of cell matter produced per I is mathematically defined as
Pt -Pi Nonextractable P (but not Pol) on a dry weight basis never exceeded 4% of Q for both organisms. Thus, within experimental error, cell quota for § , P is equal to reciprocal cell yield for P for these 0.8 1.0 species. However, because nonextractable P on a dry weight basis may be significant for some species (40) , it must be included in the above equations. Of the relationships Q versus , and Y versus,u for both organisms, none show significant nonlinearity at the 95% confidence level when analyzed with F tests. However, when analyzing the percent variance explained by fitting the data to linear models, the Y versus u relationships more closely fit a straight line than do the Q versus !Lrelationships for both species.
In addition, for conservative nutrients, Y is generally found to have a linear correlation to ,t (4, 16 
VOL. 42, 1981 on As shown earlier, Pnex/X is negligible for both organisms. Therefore, within experimental error, V. is approximately equal to Vt for these species at steady state. This agrees with the data for the chlorophyte Selenastrum capricornutum (4) .
However, V,, may not be equivalent to Vt for all organisms when extracted P products are significant (40) .
DISCUSSION
The relationship between transport rate and limiting nutrient concentrations has been traditionally described by Michaelis-Menten kinetics, with first-order kinetics assumed at very low substrate concentrations where saturation is not apparent. Unfortunately, very few studies have accurately determined the relationship between transport rate and external substrate concentrations in this first order region. Our data (Fig. 4) indicate that deviations from simple Michaelis- Menten kinetic equations seem to occur at very low P concentrations. The steady-state affinity which has been defined as the slope of steadystate transport rate versus external substrate concentration (4, 24) is therefore subject to large variability because for these organisms the slope changes at very low P concentrations. The data show that a curvilinear ,uQ versus Pi plot may best describe Pi transport for these species at growth rate-limiting P concentrations. When transport saturation eventually occurs, the resulting IuQ versus Pi plot would be S-shaped.
The data of Brown and Button (4) could also be interpreted in this fashion. Such kinetics may help to determine the physiological mechanisms of steady-state P transport at low concentrations, but regardless of subsequent kinetic interpretation, the best indicator of substrate collection ability of an organism is measured rates (Fig. 4) (44) .
An inherent assumption in most models describing phytoplankton composition and succession in natural aquatic systems is that growth descriptions obtained from the study of laboratory-cultured species are representative of the growth descriptions of taxonomically closely related, ecologically important species. However, taxonomic relationships are based largely on morphological characteristics. Although the taxonomically distinct Synechococcus Nageli and S. quadricauda are not closely related kinetically, S. quadricauda did differ significantly from another Scenedesmus sp. (35) . Evidence from this laboratory shows that S. quadricauda also differs significantly from a closely related species, S. obliquus, under steady-state conditions (D. S. Lang, M.S. Thesis). Therefore, it may not be justifiable to extend the growth kinetic descriptions of laboratory-cultured organisms to other taxonomically related species. Fitting data to steady-state models has indeed enhanced our understanding of the relationship between phytoplankton production and limiting nutrient concentrations. However, until more is known about phytoplankton ecophysiology, it is unreasonable to assume that empirical steadystate models are good approximations of phytoplankton growing in natural systems, which are often subject to periodic nutrient perturbations. Further experimental work must, to a greater extent, consider the physiological responses of phytoplankton to both steady-state and transient environmental conditions (7) .
In this paper, we have described the steadystate and transient growth of Synechococcus Nageli and S. quadricauda under P concentrations that are typical in many natural aquatic systems. We have found that these laboratory derived growth descriptions could predict the competitive abilities of these organisms and be used to construct partial physiological profiles which predict the niches these species fill in natural aquatic systems. We have also found that taxonomic relationships do not necessarily predict nutrient kinetic similarities among closely related species.
